Abstract: In the last four decades, enormous progress has been made in the treatment of congenital heart diseases (CHD); most patients now survive into adulthood, albeit with residual lesions. As a consequence, the focus has shifted from initial treatment to long-term morbidity and mortality. An important predictor for long-term outcome is right ventricular (RV) dysfunction, but knowledge on the mechanisms of RV adaptation and dysfunction is still scarce. This review will summarize the main features of RV adaptation to CHD, focusing on recent knowledge obtained in experimental models of the most prevalent abnormal loading conditions, i.e., pressure load and volume load. Models of increased pressure load for the RV have shown a similar pattern of responses, i.e., increased contractility, RV dilatation and hypertrophy. Evidence is accumulating that RV failure in response to increased pressure load is marked by progressive diastolic dysfunction. The mechanisms of this progressive dysfunction are insufficiently known. The RV response to pressure load shares similarities with that of the LV, but also has specific features, e.g., capillary rarefaction, oxidative stress and inflammation. The contribution of these pathways to the development of failure needs further exploration. The RV adaptation to increased volume load is an understudied area, but becomes increasingly important in the growing groups of survivors of CHD, especially with tetralogy of Fallot. Recently developed animal models may add to the investigation of the mechanisms of RV adaptation and failure, leading to the development of new RV-specific therapies. 
Introduction
In the last four decades, enormous progress has been made in the treatment of congenital heart diseases (CHD), and most patients now survive into adulthood, albeit with residual lesions. As a consequence, about 50% of the patients that survive into adulthood die from right ventricular (RV) failure, arrhythmias or pulmonary hypertension [1] . Therefore, the focus has shifted from initial treatment to long-term morbidity and mortality.
An important predictor for long-term outcome in patients with CHD is RV dysfunction due to abnormal (residual) loading conditions [2] , e.g., patients with a corrected tetralogy of Fallot (TOF) or a systemic RV have a 40% chance of developing heart failure within 30 years [2] . The RV is unique as compared with the left ventricle (LV) for several reasons: the RV is derived from a different set of precursor cells [3] , has a complex 3D morphological shape [4] , is usually unloaded after birth [5] and has a quite distinct contraction pattern [6] . As a result, RV adaptation to chronic abnormal loading conditions, as occur in CHD, is a distinct entity. Since RV dysfunction is a prime determinant of outcome in CHD, as well as in pulmonary hypertension [7] and LV failure [8] , research interest to study RV adaptation has increased over the last few years. This review summarizes the main features of RV adaptation to CHD, focusing on recent knowledge obtained in experimental models of the most prevalent abnormal loading conditions, i.e., pressure load and volume load.
RV Response to Stress

Building Blocks of RV Adaptation
The RV has several unique features that may affect the adaptation to increased pressure and/or volume load. As has been known for more than a decade, the RV is derived from a different set of precursor cells than the LV, the so-called secondary heart field [3] . Despite the different inductive signals, the building blocks of the RV, i.e., the cardiomyocytes, are still the same as in the LV [9] , but these are cast in a different 3D structure. The RV is a crescent-shaped organ wrapped around the LV, which complicates volumetric and functional analysis [10] . The RV contraction pattern is also different form that of the LV: the RV predominantly has a longitudinal shortening movement and presses its free wall against the septum, thereby creating a bellows effect to empty into the low-resistance pulmonary circulation [6] . These genetic, morphological and functional differences may explain the observed differences in the response to pressure or volume load between the RV and LV [11] . In addition, genetic defects, inducing the CHD, e.g., 22q11 deletion, may affect the RV response, but the effects of such a genetic defect on ventricular adaptation have rarely been addressed.
The RV is affected by abnormal loading conditions in more than 40% of the patients with CHD. Although artificial, for practical purposes, these conditions can be divided into three types: (i) increased pressure load (e.g., pulmonary stenosis); (ii) increased volume load (e.g., atrial septal defect); and (iii) a mixture of increased pressure load and volume load ( Table 1) . The type, the degree and the duration of the abnormal loading conditions determine the strain imposed upon the RV. Treatment strategies, i.e., corrective surgery or catheterization, aim at restoring the abnormal loading conditions, but most patients are faced with residual lesions, which affect RV function and determine the long-term outcome. For instance, patients with a TOF, the most common cyanotic heart defect, initially present with a pressure load of the RV, but after correction, face residual pulmonary insufficiency that leads to a volume load or a mixture of both [12] . To decipher the code to RV failure and to test treatment strategies, the response to increased pressure and/or volume load is studied in experimental models.
Modeling Abnormal Loading Conditions of the RV
To mimic the abnormal loading conditions of the RV, models of increased pressure load and/or volume load have been developed. Increased pressure load can be induced in mice, rat, rabbits, pigs or dogs with the use of pulmonary artery banding (PAB) [11, [13] [14] [15] [16] . The PAB induces a form of pulmonary stenosis, depending on the degree of PAB. The PAB takes the pulmonary vasculature out of the equation, in contrast to models trying to mimic pulmonary hypertension, e.g., monocrotaline (MCT) or hypoxia models [17] [18] [19] . Mice models of PAB are surgically challenging, but the use of transgenic mice can aid in the evaluation of signal transduction pathways in the development of RV failure. In addition, rat and pig models allow for a more sophisticated functional evaluation of the RV function using pressure-volume analysis, echocardiography and exercise performance.
To study the mechanisms of RV failure, a clinical description of the degree of failure is necessary. RV failure, as LV failure is not a disease per se, but rather a continuum from RV adaptation towards overt heart failure. Heart failure is defined as the inadequacy of the ventricle to supply the body with oxygen and substrates; in the setting of RV failure, this presents as inadequate pulmonary blood flow and RV congestion. Overt RV failure is characterized by venous congestion, ascites, pleural effusion, tachycardia and tachypnea, relating to NYHA Class IV. However, earlier stages of RV dysfunction are quite often present in the models; no signs at rest, but only a limited exercise capacity relating to NYHA Classes II-III. To distinguish adequate and beneficial RV adaptation from progressive RV failure in experimental models, it is important to classify the degree of failure, both by clinical signs at rest and by exercise capacity. RV function can be analyzed these days in mice, rats, as well as in man using cardiac MRI (CMR) [11, 20] and echocardiography [21] . For a proper assessment of systolic and diastolic RV function, pressure-volume analysis is the gold standard, which has now been validated in many models of RV disease [22] [23] [24] .
Models of increased volume load have been more difficult to develop. The aorto-caval shunt model is relatively easy to obtain in mice and rat. Although it leads to a biventricular volume load, it can be applied in mice, allowing the use of knockout or transgenic strategies [11] . Recently, also a model of pulmonary insufficiency in mice has been developed, leading to an isolated RV volume load [25] , which may add additional insight into RV adaptation. Larger animals are also used to simulate TOF [26] , which allow for more extensive hemodynamic assessment, but in these models, the cellular mechanisms are more difficult to study.
RV Adaptation to Pressure Load
Various models of RV pressure load have shown a similar pattern of responses. The RV adaptation to pressure load is characterized by increased contractility, assessed by end-systolic elastance using PV analysis ( Figure 1 ) [11, 14, 22, 27] . Furthermore, the PV loops shift to the right, indicating RV dilatation in response to pressure load. RV dilatation has earlier been seen as a sign of failure, but a summary of all experimental models suggests that it is an initial adaptation of the RV. The increased elastance is necessary to face the increased pressure load and restore RV-PA coupling. The RV dilatation induces increased wall stress, and to reduce this wall stress, RV hypertrophy develops.
Only a few studies have described animal models in which overt RV failure was reached [21, 28] . These studies indicated that RV failure was characterized by progressive diastolic dysfunction, whereas intrinsic contractility was still increased in order to cope with the increased pressure load. The diastolic dysfunction, expressed as increased end-diastolic elastance, led to increased end-diastolic RV pressure, increased right atrial size, hepatic congestion and ascites. The clinical importance of diastolic dysfunction in RV failure has recently been confirmed in studies of the autopsy material of patients with RV failure in pulmonary hypertension [29] .
The pressure loaded RV shows signs of ventricular remodeling similar to those observed in a stressed LV [30] , such as hypertrophy, fibrosis and inflammation. Furthermore, a switch to the so-called fetal gene program has been described as in the LV; i.e., a switch in myosin heavy chain isoforms and in the metabolic profile from the use of fatty acids to that of glucose, the main energy source for the fetal myocardium [31] .
Several studies have reported differences in gene expression in the RV in response to a pressure load when compared with the LV. A study comparing mice with a PAB and mice with aortic banding showed differences in expression in genes that were associated with: (i) extracellular matrix proteins; (ii) proteases and inhibitors; and (iii) developmentally regulated proteins [20] . Apart from different genes, also similar genes with differences in signal strength were found. For example, the calcineurin-NFAT pathway is involved in RV adaptation to pressure load [11] , yet suppression of this pathway via an inducible transgenic approach also induced changes in the unloaded RV [32] . Another study comparing microRNA profiles in mice with a PAB and mice with an aortic stenosis found four microRNAs specific for RV adaptation [33] . These micorRNAs were all located in the non-myocyte fraction of the RV. Thus, there are different signals involved in RV adaptation to pressure load, and some of these differences are located outside the cardiomyocyte.
Intriguingly, progressive RV diastolic dysfunction seems to be associated with reduced angiogenesis, reduced energy metabolism and increased inflammation rather than with increased fibrosis [28, 34] . Capillary rarefaction has been suggested to play an important role in RV dysfunction in response to pressure load. Capillary density has been shown to be reduced in several PH models [35] [36] [37] . Recently, two studies comparing the same trigger with different disease states, i.e., monocrotaline-induced PH [38] or PAB [28] , found a slightly different pattern, i.e., increased capillary density in rats without clinical failure versus pseudo-normalized density in rats with RVF. These findings suggest that RVF is associated with reduced energy supply. Candidate pathways susceptible to reduced energy supply are substrate metabolism and mitochondrial function.
Cardiac metabolism is mainly dependent upon fatty acid oxidation, but under stress, the heart switches back to its fetal program, in which glucose and lactate are the main energy substrates [31] . A decrease in fatty acid oxidation as part of the metabolic switch has been observed in a rat model of moderate PAB [39] . Preventive inhibition via trimetazidine (which inhibits an essential step in the beta-oxidation of fatty acids) increased cardiac output measured by echocardiography; however, RV pressure in the setting of a fixed pressure load (PAB) decreased.
The metabolic switch under stress can also be described by an increase in glucose utilization. As in the LV, a switch towards glycolysis has been observed in PH-rats, Fawn-Hooded rats [19] and PAB rats [39] , although many of these experimental studies were done in non-failing animals. Upregulation of pyruvate dehydrogenase kinase (PDK), which uncouples glycolysis from the Krebs cycle, has been shown in both PH and PAB models of adaptive RV remodeling [19] . Inhibition of PDK reverses mitochondrial hyperpolarization, a sign of mitochondrial dysfunction [40] . In moderate PAB, inhibition of PDK appeared to improve RV function, although the results on cardiac function, evaluated by echocardiography, are partly contradictory [19] : RV systolic pressure decreases in the setting of a fixed pressure load. Further studies in failing animals are necessary to determine the position of metabolic interventions in RV remodeling [39, 41] .
Mitochondria are the "power-houses" of the cardiomyocyte, but, perhaps more importantly, also regulate many processes involved in stress-response: the formation of oxygen radicals, oxygen sensing, inducers of apoptosis and inflammation [42] . Rats with MCT-induced PH showed signs of increased "oxidative stress": increased activity of Complex II, oxygen radicals and increased production of radical scavengers [43] . Treatment with a radical scavenger (EUK-134) improved RV systolic function, but did not affect diastolic dysfunction [44] , although, also, an improvement in pulmonary vascular resistance may have contributed to this effect. In another PH-model, treatment with protandim, a plant extract inducing the expression of antioxidants, mildly increased cardiac output, suggesting that at least in rats with PH, an increasing defense mechanism against oxidative stress may be beneficial [45] . These pathways have never been tested in PAB models, independent of the pulmonary circulation. Apoptosis and inflammation, both important mechanisms in PH [46] [47] [48] , have been described in both PH and PAB models [13, [49] [50] [51] . There is, however, no knowledge on the functional importance of these signaling pathways in the development of RV failure.
RV Adaptation to Volume Load
In contrast to the increasing number of studies in models of increased RV pressure load, the reported studies on the effects of increased volume load on the RV have been limited so far. This is surprising, as a volume overloaded RV is common in survivors of CHD. For example, patients with corrected TOF, the most common cyanotic heart defect, are threatened by residual pulmonary insufficiency [12] . TOF requires surgical relief of the RV outflow tract that often leads to residual regurgitation of the pulmonary valve. Initially, longstanding PI was thought to be innocent, maybe because there is a considerable lag-time before symptoms develop [52] . However, recent knowledge suggests that also chronic increased volume load eventually leads to RV dysfunction. At present, residual PI is treated with pulmonary valve replacement, but the timing and longstanding effects of such a replacement remain a matter of dispute in CHD. Therefore, further knowledge of the pathways involved in RV dysfunction in response to volume load, in combination with clinical parameters (such as, e.g., obtained by cardiac MRI [11, 20] ), may provide new ground to guide treatment strategies.
The RV is capable of adapting to increased volume load for a long period of time before RV dysfunction develops. The hemodynamic response to increased volume load is via the Frank Starling mechanism [11, 22] . However, longstanding increases in volume load may lead to diastolic dysfunction, suggested by increased RV ED pressure [25] . Pigs with PI and outflow tract reconstruction have severe diastolic dysfunction in the presence of normal cardiac output [26] . There is little known about the adaptation to mixed lesions of pressure and volume load. In rats with PH and a volume load, RV contractility was less increased as compared with volume load only, inducing a pattern of pseudo-normalization [27] . Whether this holds true for other forms of mixed lesions is unknown. The mechanisms of these adaptations to mixed loading conditions are yet poorly understood.
The cardiomyocyte responds differently to increased volume load than to increased pressure load in the LV [53] . Classically, it has been described that myocytes elongate in response to increased volume load and thicken in response to increased pressure load, a mechanism for which the extracellular regulated kinase 1 and 2 pathways could be responsible [54] . The RV responds differently, as studies in volume loaded LVs show the beneficial effects of the treatment with a PDE5A-inhibitor (Sildenafil) [22] , whereas studies in the volume loaded RV do not demonstrate any effects in response to Sildenafil [22] . A mouse model comparing the volume and pressure load of the RV showed different signaling intensities of calcineurin-NFAT activation and the myosin heavy chain isoform switch [11] . These differences were not present in a rat model [22] , suggesting that loading conditions may influence the results. Recently, in a mouse model of PI, it was shown that mice developed RV failure after six months. The RV of mice with chronic PI showed changes in gene expression, suggesting the early dysfunction of mitochondrial energetics, enhanced TGFbeta activation, apoptosis and extracellular matrix remodeling [25] . Further studies on the contribution of these pathways to RV failure in response to volume load are necessary.
Treatment of RV Failure
At present, no RV-specific medical treatment strategies exist. The recently developed models of RV failure in response to increased pressure load can aid in the understanding of the cellular mechanisms of RV failure (Figure 2 ), so that RV-specific therapies may be developed. Currently, treatment strategies for LV failure (e.g., beta adrenergic blockade, RAAS inhibition) or drugs that target the pulmonary vasculature in PH (e.g., PDE5 inhibitors, endothelin receptor antagonists), have been tested in experimental models with different results.
Beta blockers are a cornerstone in the treatment of LV failure. In a rat model of MCT-induced PH, bisoprolol, a selective beta blocker, prevented fibrosis and delayed decline in cardiac output and TAPSE without effects on hypertrophy or capillary rarefaction [35] . Unfortunately, no data are published on beta blockade in the failing RV, due to stenosis-type pressure overload, which might elucidate the direct protective effects of beta blockade on the RV. Blockade of the renin-angiotensinaldosterone-system (RAAS), the other cornerstone in the treatment of LV failure, was shown to be ineffective in a rat model of PAB [27] in accordance with the results from a study in patients with a systemic RV [55] .
Inhibition of PDE5 would be an excellent therapeutic approach for RV failure in PH, as it also reduces pulmonary vasculature resistance [56] . Recently, our lab showed that preventive treatment with the PDE5 inhibitor, Sildenafil, increased contractility, reduced dilatation and attenuated the decline in exercise capacity. Diastolic function remained unchanged, and fibrosis was slightly increased [22] . In addition, Sildenafil treatment in established RV disease had slightly different effects, as it now also improved diastolic dysfunction and reduced RV fibrosis [57] , supporting the concept that timing and loading severity determines cardiac response. Other pharmacological approaches to manipulate the PDE5-PKG-1 axis include stimulation of soluble guanylate cyclase by riociguat, but results so far indicate effects on the pulmonary vasculature, rather than direct beneficial RV effects [58] .
Endothelin receptor antagonists have an anti-hypertrophic and anti-fibrotic effect on the RV in PH [59] . It is unclear whether this is a direct effect on the RV or a consequence of the decreased pressure load due to the effect on the pulmonary vasculature. Unfortunately, no studies address this issue. However, isolated heart studies showed that ERAs depress both contractility and relaxation in the hypertrophic RV [60] .
New treatment strategies successfully applied in the failing experimental LV, such as HDAC inhibitors, appeared to be detrimental in models of RV dysfunction [61] . Hence, future studies into RV failure after prolonged increased pressure load are necessary to improve the outcome for patients with CHD. Table 1 . Summary of congenital heart defects affecting the right ventricle (RV).
RV dysfunction described? ref
Increased volume load
Atrial septal defect >25% mild RV dysfunction 30 years after correction (CMR) [62] Pulmonary insufficiency 30% symptomatic after 40 years [52] Tricuspid insufficiency Reduces survival independent of other defects [63] Increased pressure load
Pulmonary stenosis
Reduced exercise capacity [64] Pulmonary Hypertension RV failure predicts outcome [7] Tetralogy of Fallot Fatal if uncorrected Congenitally corrected transposition of the great arteries (ccTGA) >25% RV failure after 45 y when there are no associated lesions [65] Transposition of the great arteries after atrial switch procedure (TGA-as)
Reduced RV function similar to ccTGA [66] Mixed Lesions Atrial Septal Defect + Pulmonary stenosis/Pulmonary Hypertension Reduced survival in patients with ASD-PH [67, 68] Corrected Fallot + pulmonary insufficiency Risk for Sudden Death, arrhythmias [69] ccTGA + tricuspid insufficiency Risk of RV failure increases from 25 → 60% [65] TGA-as + tricuspid insufficiency Idem ccTGA In rats with a moderate pulmonary artery banding (PAB), cardiac output is mildly decreased, whereas in rats with an aorto-caval shunt (ACS), cardiac output is increased. In contrast, maximal wall stress is more increased in rat with a PAB, as compared with ACS. Data are derived from [57] . (c) Typical example of cardiac MRI images obtained in mice with increased pressure load (PAB) or increased volume load (ACS). The top row shows short axis cine-images at end-diastole; the bottom row shows short-axis cine-images at end-diastole. Images were acquired using a 9.4Tesla MRI. (d) Example of echo-derived PAB-pressure gradient (top) and short axis RV/LV dimensions (bottom), obtained with a 10-MHz probe in rats with a PAB. Con, sham-operated control animals. Adapted from [11, 22] . Figure 2 . Development of RV failure in response to increased pressure load. The proposed sequence of events in response to increased pressure load: The RV adapts to increased pressure load with increased contractility and dilatation. This leads to increased wall stress, which will be balanced by RV hypertrophy. With the increasing duration of the degree of loading, relaxation becomes impaired and exercise performance reduced. This is associated (but may not be causally related to) fibrosis, reduced capillary density and a switch from the use of fatty acids to glucose. RV failure is marked by progressive diastolic dysfunction, ascites and pleural effusions and severely impaired exercise capacity and may be related to inflammatory or hypoxic phenomena. The latter are issues of current research.
Summary and Future Perspectives
The RV is frequently affected in the growing groups of survivors of CHD, and RV failure is a main determinant to the outcome in this heterogeneous population. However, knowledge about the mechanisms of RV failure in response to abnormal loading conditions, such as increased volume load and/or pressure load, is still limited.
Models of increased pressure load for the RV have shown a similar pattern of responses, i.e., increased contractility, RV dilatation and hypertrophy. Evidence is accumulating that RV failure in response to increased pressure load is marked by progressive diastolic dysfunction. The mechanisms of this progressive dysfunction are insufficiently known. The RV response to pressure load shares similarities with that of the LV, but also has specific features, e.g., capillary rarefaction, oxidative stress and inflammation. The contribution of these pathways to the development of failure needs further exploration. The RV adaptation to increased volume load is an understudied area, but becomes increasingly important in the growing groups of survivors of CHD, especially with tetralogy of Fallot.
Recently developed animal models of clinically overt RV failure due to RV abnormal loading conditions that truly represent current patient populations can aid in the search for new RV specific therapies.
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